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Cytochrome P450cam catalyzes the hydroxylation of camphor in a complex process involving two electron
transfers (ETs) from the iron-sulfur protein putidaredoxin. The enzymatic control of the successive steps of
catalysis is critical for a highly efficient reaction. The injection of the successive electrons is part of the control
system. To understand the molecular interactions between putidaredoxin and cytochrome P450cam, we
determined the structure of the complex both in solution and in the crystal state. Paramagnetic NMR
spectroscopy using lanthanide tags yielded 446 structural restraints that were used to determine the solution
structure. An ensemble of 10 structures with an RMSD of 1.3 Å was obtained. The crystal structure of the
complex was solved, showing a position of putidaredoxin that is identical with the one in the solution structure.
The NMR data further demonstrate the presence of a minor state or set of states of the complex in solution,
which is attributed to the presence of an encounter complex. The structure of the major state shows a small
binding interface and a metal-to-metal distance of 16 Å, with two pathways that provide strong electronic
coupling of the redox centers. The interpretation of these results is discussed in the context of ET. The
structure indicates that the ET rate can be much faster than the reported value, suggesting that the process
may be gated.
© 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license. Introduction
Cytochromes P450 (CYPs) are heme-containing
monooxygenases, catalyzing hydroxylation reactions
of a variety of aromatic and aliphatic compounds [1].
The CYP superfamily is one of the most extensively
studied groups of metalloenzymes because of its
importance, for example, in steroidal hormone bio-
synthesis, drug metabolism and degradation of
xenobiotic compounds in human beings. Approxi-
mately 4000 CYP genes have been identified and at
least 57 CYPs have been reported in humans [2].
Cytochrome P450cam (P450cam, also calledthors. Published by Elsevier Ltd. Open access unCYP101) from Pseudomonas putida is the best-
characterized CYP family member, providing
a paradigm for CYP structure and function [3].
P450cam catalyzes the regiospecific and stereospe-
cific hydroxylation of D-camphor by using molecular
oxygen and two electrons from NADH. Putidaredoxin
reductase (PdR) oxidizes NADH and transfers the
electrons to putidaredoxin (Pdx), which shuttles them
to P450cam [3]. The two electron transfers (ETs) from
Pdx, to the ferric and oxy-forms of P450cam,
respectively, differ [4,5]. Ferric P450cam is able to
accept an electron from diverse reducing agents,
whereas oxy-P450cam is highly specific for Pdx.WithJ. Mol. Biol. (2013) 425, 4353–4365der CC BY-NC-ND license. 
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generates less than 5% of the maximum amount of
hydroxylated camphor [6,7]. It has been suggested
that, in the second ET step, Pdx serves as an effector
molecule for P450cam as well as an electron donor
[6,8]. Thus, understanding the interactions between
Pdx and P450cam at the atomic level can help us to
understand the catalytic mechanism of this enzyme.
Site-directedmutagenesis and calorimetric and spec-
troscopic methods have been applied to study the
complex [4,9–14], but unfortunately, a crystal struc-
ture of the Pdx–P450cam complex has not been
reported. However, the structures of Pdx and
P450cam separately have been elucidated [15,16].
For P450cam, many structures in the closed form
have been reported, with various ligands in the cavity
near the heme but with no obvious substrate access
channel.With very large ligands, the channel is forced
open, as was shown in several crystal struc-
tures [17,18]. Recently, also the crystal structure of
the substrate-free form in the open state was solved,
showing a clear access channel to the active site [19].
Solving the structure of the complex with conven-
tional NMR structure determination of the complex is
challenging due to its size (58 kDa), as well as the
paramagnetic nature of the heme and the iron-sulfur
cluster, which broadens outmanyNMRsignals. Zhang
et al. proposed a model of the oxidized Pdx–P450cam
complex based onNMR restraints. In combination with
NMR chemical shift perturbations, they used para-
magnetic relaxation enhancements (PREs) and resid-
ual dipolar couplings (RDCs) to determine the
distances and orientations of the complex [14]. This
model has been optimized in silico in several studies
and used to predict the mechanism of ET from Pdx to
P450cam [20,21]. It cannot, however, account for all
mutagenesis results [22]. For instance, it has been
reported that the substitution of Arg66 of Pdx
significantly alters the affinity for P450cam. This
residue has been proposed to be the key residue to
participate in salt bridge formation in the binding
interface [22], which is not observed in the model.
Paramagnetic NMR techniques offer a new, alter-
native method for structure determination of protein
complexes [23–25]. In particular, lanthanide tags
provide very useful paramagnetic centers. The
introduction of such tags at specific sites on the
protein surface causes paramagnetic effects on the
NMR signals of surrounding nuclei, both in the same
protein and in a bound partner. Due to the very large
magnetic moment of unpaired electrons, more than
600 times larger than that of protons, the interactions
with nuclear spins extend to tens of angstroms,
yielding well-defined, long-range restraints that can
be used for structure determination. The paramag-
netic effects used in this study are pseudocontact
shifts (PCSs), PREs and RDCs induced by partial
alignment by the anisotropy of the magnetic suscep-
tibility of the lanthanide. The position of the paramag-netic center needs to be rigid andwell defined relative
to the protein in order to obtain a high-resolution
structure. It has been demonstrated that double-
armed lanthanide tags provide such rigid attachment,
which is reflected in large PCSs and RDCs [26,27].
Here, we report the structure of the oxidized Pdx–
P450cam complex based on a set of 446 restraints
for structure calculation obtained by using three
double-armed paramagnetic lanthanide tags at-
tached to Pdx and P450cam. After the structure had
been determined, we also solved the crystal structure
of the complex. The solution structure based on
paramagnetic restraints is represented by an ensem-
ble of 10 structures with an average RMSD from the
mean of 1.3 Å for the position of Pdx. The crystal
structure is identical with the solution structure within
the variation of the ensemble. These results demon-
strate the accuracy of the paramagnetic approach for
structure determination. The structure shows the
details of the molecular interaction and suggests two
pathways for the electronic coupling between the
metal centers. The NMR data also provide evidence
for a minor state or set of states in solution, which
could represent the encounter complex.Results
Protein tagging with lanthanide probes
To determine the structure of the Pdx–P450cam
complex in solution, we obtained a set of intermole-
cular distance and orientation restraints from the
effects of paramagnetic tags attached to both
proteins. The tags were attached to Cys residues.
To avoid interference, we substituted exposed Cys
residues at position 334 on P450cam and positions
73 and 85 on Pdx. These substitutions have been
used in other studies [28,29]. Other Cys residues are
present in both proteins, but these were found not to
interfere with the tagging. The tag used in this work is
a caged lanthanide NMR probe (CLaNP), version 7
[30], which binds covalently to two Cys residues that
are in close proximity. The two-point attachment of
CLaNP-7 ensures a low mobility of the probe on
the protein surface and minimal averaging of the
paramagnetic effects. Pairs of surface-exposed
cysteine residues were introduced at the proximal
side of P450cam, namely, K126C/R130C/C334A
(mutant A) and A333C/C334A/H337C (mutant B), as
well as on Pdx, namely, V6C/R12C/C73S/C85S
(mutant I). The probe attachment site on mutant I is
located at the back of Pdx, relative to the FeS cluster,
but the positions A and B on P450cam are in
proximity of the potential binding site for Pdx; thus,
to determine whether CLaNP-7 attached to these
sites affects the binding, we determined the dissoci-
ation constants for the complex with Pdx using
4355The Cytochrome P450cam–Putidaredoxin Complexcalorimetry and found them to be very similar to the
one for Pdx and wild-type (WT) P450cam (Fig. S1),
indicating that the CLaNP tag does not interfere with
complex formation at these locations. Intramolecular
PCSsweremeasured for P450cam and Pdx linked to
CLaNP-7 loaded with Yb3+ and were used to
determine the location of the lanthanide ion and the
orientation of principal components of the anisotropy
of the magnetic susceptibility (Δχ) tensor (see
Experimental Procedures for details). This informa-
tion is required in order to use the intermolecular
PCSs as accurate restraints for structure determina-
tion. To obtain the restraints, we isotopically labeled
the proteins with 15N and observed the resonances
of backbone amide groups in standard two-dimen-
sional heteronuclear correlation spectra. Thus, all
NMR restraints are between the tags and backbone
amide groups. Pdx was also perdeuterated to
improve the spectral quality of the Pdx bound to
P450cam. Assignments for Pdx were based on
published data [31], and for P450cam, the assign-
ments of the oxidized, camphor-bound form were
based partly on published assignments [32] and
extended by comparison with assignments of other
forms of P450cam available in the laboratory and the
intramolecular PCSs measured with CLaNP-7(Yb3+)
(see Experimental Procedures for details).
Intermolecular paramagnetic effects
Three types of interprotein paramagnetic effects
were measured: PRE, PCS and RDC. P450cam
carrying a CLaNP-7 loaded with a gadolinium ion
(Gd3+) induces PRE on isotope-labeled Pdx. As acontrol, an identical sample was used with CLaNP-7
loaded with a lutetium ion (Lu3+), a diamagnetic
lanthanide. The PRE depends on the inverse
sixth power of the distance between the Gd3+ and
the nucleus, providing sensitive intermolecular dis-
tance restraints.
Thulium (Tm3+)-containing CLaNP-7 induces PCS
that depend on the position of the nucleus within the
frame defined by the Δχ tensor of the lanthanide.
Tm3+ also partially aligns the protein complex in
solution causing RDCs that report on the orientation
of the protein relative to the Δχ tensor. Representa-
tive data of these three paramagnetic effects are
shown in Fig. 1. For mutants A, B and I, in total, 509
intermolecular restraints were obtained (Table 1).
Structure calculation
The structure calculation of the Pdx–P450cam
complex was carried out with Xplor-NIH [34] and
using the “pararestraints” facility [35] of Xplor for the
PCS and RDC restraints. PRE-derived distance
restraints from mutant A and intermolecular RDC
restraints as well as intramolecular and intermole-
cular PCS restraints for mutants A, B and I were
applied. Besides these experimental restraints,
attractive and repulsive van der Waals forces were
applied and Ln ions were restrained with two
distance restraints of 8 ± 2 Å to the Cα atoms of
the two mutated cysteines. The high-resolution X-ray
structures of P450cam and Pdx (PDB entries 1DZ4
[16] and 1XLP [15], respectively) were used.
Hydrogen atoms were added to the X-ray structures
and the Ln3+ ions of the tags were positioned at theFig. 1. Intermolecular paramag-
netic effects. 1H–15N correlation
spectra of 15N-labeled, perdeuter-
ated Pdx in complex with P450cam
mutant A tagged with CLaNP-7
containing either Lu3+, Gd3+ or
Tm3+ illustrate intermolecular PRE
(a), PCS (b) and RDC (c). In (b),
several PCS are indicated by lines.
(c) Determination of the 1H–15N
RDC by comparison of HSQC and
TROSY spectra. The difference in
the 15N resonance position be-
tween the spectra is half the J-cou-
pling for the diamagnetic sample
and half the J-coupling plus half the
RDC for the paramagnetic sample
[33]. Spectra were acquired at 14 T
(600 MHz).
Table 1. Intermolecular paramagnetic NMR restraints
Sample CLaNP-7 Inter-NMR No. of restraints Q (closed) Q (open)
P450cam mutant A
(K126C/R130C/C334A)
Gd3+ PRE 60 0.25 0.22
Tm3+ PCS 54 0.03 0.04
RDC 48 0.14 0.15
P450cam mutant B
(A333C/H337C/C334A)
Gd3+ PRE (63)a 0.58 0.44
Tm3+ PCS 43 0.07 0.12
RDC 37 0.34 0.32
Pdx mutant I
(V6C/R12C/C73S/C85S)
Tm3+ PCS 103 0.08 0.08
RDC 101 0.28 0.36
Total 446
The correlations between observed and back-calculated data were assessed with Q [Eq. (2)].
a Left out in the calculation of the final ensemble because these data were strongly affected by a minor state (see the text).
4356 The Cytochrome P450cam–Putidaredoxin Complexrespective sites with initial Δχ tensors as derived
from the intramolecular PCS experiments. During
the docking process, the Δχ tensors were optimized
in an iterative manner, using both intermolecular and
intramolecular restraints. Protein backbones were
kept rigid, while side chains in the interface were
allowed to be flexible to avoid steric clashes andFig. 2. Violation analysis and solution ensemble of the Pdx–
h) and PRE-derived distances (c and f) are plotted against Pdx
and blue lines represent experimental and back-calculated ef
PCSs, the error bars are within the circular symbols. (a–c) Da
mutant I. The PCS and RDC data were obtained with CLaNP-7
(i) The crystal structure (red) and the top 10 lowest-energy
complex are shown in a ribbon representation. The Pdx mo
represent an ensemble with an average backbone RMSD of 1optimize the interactions. Apart from the experimen-
tal restraints and the van der Waals interaction, no
energy terms were used in the docking to avoid bias.
The top 10 lowest-energy solutions represent an
ensemble with an average backbone RMSD of 1.3 Å
(SD = 0.6) relative to the mean (Fig. 2i). A compar-
ison of exper imenta l ( red symbols) andP450cam complex. The PCSs (a, d and g), RDCs (b, e and
(a–f) and P450cam (g and h) residue numbers. Red circles
fects for the 10 lowest-energy solutions, respectively. For
ta for mutant A. (d–f) Data for mutant B. (g and h) Data for
loaded with Tm3+ and the PRE data using CLaNP-7(Gd3+).
solution structures (blue) of the oxidized Pdx–P450cam
lecules are shown in Cα traces. The overlaid structures
.3 ± 0.6 Å relative to the mean.
Table 2. Data collection and refinement statistics
Data collection Refinement
X-ray source Spring-8
BL44XU
Resolution range
(Å)
61.8–2.5
Wavelength (Å) 0.9000 No. of reflections
used
15,350
Space group C2 Average B-factor
(Å2)
31.7
Unit cell parameters Rfactor (%)
a 18.8
a (Å) 101.7 Rfree (%)
b 25.1
b (Å) 78.0 RMSD
c (Å) 60.0 Bond length (Å) 0.017
β (º) 95.6 Bond angles (º) 1.8
Resolution (Å) 2.5
Completeness
(%)
99.6 (98.9)
Redundancy 3.7 (3.3)
Rmerge (I)
c 0.098 (0.437)
Average I/σ (I) 19.4 (3.6)
Values in parentheses are for the shell with the highest resolution.
a Rfactor = ∑|Fo − Fc|/∑Fo, where Fo and Fc are the observed
and calculated structure amplitudes, respectively.
b Rfree is an Rfactor value for a 5% subset of all reflections.
c Rmerge(I) = ∑|I − 〈I〉|/∑ I, where I is the diffraction intensity.
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structures (blue lines in Fig. 2a–f for Pdx and
Fig. 2g and h for P450cam) shows that almost all
of the PCS and RDC restraints are satisfied. Also,
the PRE-derived distances of mutant A agree well
with the experimental data. Only mutant B tagged
with Gd3+ shows poor correlations between back-
calculated and experimentally obtained distances
(Fig. 2f). For several stretches of residues, stronger
PREs were measured than were predicted from the
ensemble, and these effects are well outside the
error margins. The residual PREs and their distribu-
tion over the Pdx surface are illustrated in Fig. S2.
The PRE is known to be extraordinarily sensitive to
lowly populated states for cases in which this state
experiences a much higher PRE than the ground
state. We conclude that the determined ensemble
represents the major state that occasionally visits
other conformations where Pdx is closer to the Gd3+
tag at P450cam residues 333 and 337. It is well
established that, in ET complexes of weak to
moderate affinity, the encounter state is significantly
populated [36]. Thus, we attribute the observed
dynamics within the P450cam–Pdx complex to an
equilibrium between the well-defined, ET active state
and the encounter state, similar towhatwas described
for the ET complex of cytochrome c peroxidase and
cytochrome c [37]. It cannot be excluded that the
CLaNP attached to mutant B in some way induces
such a minor state. Further research is required to
exclude this possibility and to map the area sampled
by Pdx in this encounter state. The final ensemble of
the complex was calculated without the PRE re-
straints from mutant B because they are strongly
influenced by the minor state.
Crystal structure determination
Then, the crystal structure was solved to a
resolution of 2.5 Å using mutant A of P450cam and
Pdx C73S. Crystallization of the binary P450cam–
Pdx complex was performed at 16 °C using the
hanging-drop vapor-diffusion method. The sample
dishes were stored for crystallization in an incubator
from 1 week to 1 month. Crystals of the P450cam–
Pdx complex were cryoprotected by transferring
them to a reservoir solution supplemented with 30%
(v/v) glycerol; they were then flash-frozen in liquid
nitrogen for data collection at 100 K. The structure
was solved using molecular replacement, as de-
scribed in Experimental Procedures. The data
processing and refinement statistics are summa-
rized in Table 2.
Curiously, P450cam is present with the access
channel to the heme in the open state, similar to the
substrate-free structure of P450cam described by
Lee et al. [19]. It is thought that camphor binding
inducesP450cam to close the channel [19], and thus,
the open state is probably due to the absence ofcamphor and not to the presence of Pdx in our
structure. In the catalytic cycle, Pdx donates an
electron to the camphor-bound state only [22]; thus, it
appears counterintuitive that Pdx would induce
opening at the same time. This point is discussed
further at the end of Discussion. A careful compar-
ison of the Pdx structure in the complex with the
reduced and oxidized forms of Pdx [15] suggests that
Pdx is in the reduced state in the crystal, which would
indicate that it was reduced by synchrotron radiation,
as has been reported for free Pdx before [15].
Pdx is bound at the proximal side of the heme, in
the same orientation as found in the solution
structure (Fig. 3a). An overlay of the backbone of
Pdx observed in the crystal structure (in red) with
those in the solution model (blue) after superposition
of the P450cam molecules is shown in Fig. 2i. It can
be seen that the position of Pdx in the crystal
structure falls within the ensemble observed in
solution. The average RMSD for the Cα atoms
between the mean of the solution structures and the
crystal structure is 1.7 Å, which is indeed within the
variation of the solution ensemble.
Description of the structure
The backbone structure of Pdx is essentially
unchanged upon binding P450cam. The orientations
of the side chains are expected to be most reliable in
the crystal structure because the NMR restraints
used in this study were derived from backbone
amide protons only. However, most of them are in
very similar positions and conformations. The most
striking difference is the orientation of Pdx Tyr33,
which is far from P450cam in the solution complex,
Fig. 3. (a) The crystal structure (orange) and the
solution structure closest to the mean (gray) of the oxidized
Pdx–P450cam complex are shown in a ribbon represen-
tation with the P450cam structures aligned. The positions
of Ln3+ ions, Δχ tensors and redox centers of Pdx and
P450cam are depicted in sticks and spheres. (b) Detail of
the interface showing a σA-weighted 2Fo − Fc map
contoured at 1.0σ. P450cam and Pdx are shown with
pink and orange carbons, respectively. (c) Detail of the
interface showing residues that provide strong electronic
coupling between the redox centers.
Table 3. Summary of interacting residues in the Pdx–
P450cam binding interface (b4 Å)
Pdx P450cam
Electrostatic interactions/
hydrogen bonds
Tyr33 (Oη) Asp125 (Oδ)
Asp38 (Oδ) Arg112 (Nε)
Arg66 (Nη) Glu76 (O)
van der Waals interactions Val28 Met121, His361
Tyr33 Pro122
Asp38 Leu358
Cys39 Leu356
Gly40 Gln360
Ser42 His352
Ser44 Gly353
Met70 Arg109
Trp106 Arg109, Arg112,
Ala113, Asn116
4358 The Cytochrome P450cam–Putidaredoxin Complexwhereas in the crystal structure, it makes contact
with Asp125 of P450cam (Fig. 3b) and the pyrroli-
dine ring of Pro122 of P450cam lies parallel with the
aromatic ring of Tyr33. Kinetic studies have shown
the importance of this Tyr residue for the complex
formation [22]. Tyr33 is known to be flexible. It is
positioned in different orientations in the various
structures of Pdx [15], and in solution, it shows
dynamics on the microsecond-to-millisecond time-
scale in oxidized Pdx [38].
In previous studies, it was suggested that the
formation of a salt bridge between Pdx Asp38 and
P450cam Arg112 plays a vital role in the binding and
ET in the Pdx–P450cam complex [9,13,39]. In the
crystal and solution structures, the residues are very
close and a hydrogen bond can be formed between
Asp38Oδ1 and Arg112Nε (2.73 Å; Fig. 3c). The Arg
residue is also hydrogen bonded to one of the heme
propionates. On the basis of the model of the
complex by Zhang et al., Pdx Trp106 has been
proposed to function as a recognition site in the Pdx–P450cam interaction [14]. In the crystal structure,
this residue is close to the interface, interacting
mostly with P450cam Ala113 (Fig. 3b). A key residue
that seems to stabilize the Pdx–P450cam complex is
Pdx Arg66, which interacts with P450cam Glu76 by
a salt bridge (Table 3). In addition to the prominent
electrostatic interactions, the Pdx–P450cam com-
plex is predominantly stabilized by hydrophobic and
van der Waals interactions. Table 3 summarizes
those residues forming close contacts to the
neighboring atoms, being less than 4 Å apart.
Val28 of Pdx is positioned in the proximity of
Met121 and His361 of P450cam. The part of the
Pdx [2Fe–2S] cluster loop including Asp38, Cys39,
Gly40, Ser42 and Ser44 interacts with heme-binding
loop of P450cam. Another residue suggested to be
important by a previous study [22] is P450cam
Arg109 that forms a van der Waals interaction with
Pdx Met70.Discussion
We used three different paramagnetic NMR
effects to obtain 446 restraints for structural calcu-
lations, namely, PCS, PRE and RDC. Tm3+-
containing CLaNP-7 induces PCSs and RDCs
while Gd3+-containing CLaNP-7 causes PREs.
Due to the difference in the distance dependency,
PRE is known to be more sensitive to detect lowly
populated states of protein conformations than PCS
and RDC [40]. As illustrated in the mutant B, the
back-predicted PCSs agree well with experiment
and, also, the distances derived from the crystal
structure matched those derived from the observed
PCSs within error, suggesting that PCS data mostly
represent the major form of the complex. On the
other hand, most Pdx residues experienced signif-
icantly larger PREs than predicted by the major form
of the complex. The additional PREs are attributed to
a minor state or ensemble of states in which Pdx
visits sites much closer to the location B on the
4359The Cytochrome P450cam–Putidaredoxin Complexsurface of P450cam. The existence of such encoun-
ter states has been well documented for complexes
of redox enzymes and electron carrier proteins [36].
It is thought that they facilitate ET by reducing the
dimensionality of the search for the binding site [36].
For mutants A and mutant I, no additional PRE was
detected, suggesting that, in the encounter state,
Pdx mostly faces P450cam with the same face found
in the final structure that is located toward the site of
mutation B, but not A.
An NMR-based model of the complex has been
reported before by Zhang et al. [14] (no PDB entry).
Themost notable difference between our structure and
themodel proposed by Zhang et al. is the orientation of
Pdx with respect to P450cam. Our structure is rotated
by about 90° around an axis roughly perpendicular to
the P450cam heme. As a result, the major part of the
interaction network in the binding interface differs from
the previous model, with the prominent interaction
between Pdx Asp38 and P450cam Arg112 being a
notable exception. Zhang et al. derived their model by
the combination of 23 RDC orientational restraints and
sevenPREdistances originating fromPdx labeledwith
a nitroxide spin label at Pdx Cys73 [14]. The
experimental distances between Cys73 and the
seven amide groups of P450cam were reported and
could be compared and a good match was found
(Table S2), given the uncertainty in the location of the
radical due to the considerable rotational freedom of
the MTSL spin label.
As predicted in the previous studies, extensive
hydrophobic interaction networks dominate the
binding interface [14]. Site-directed mutagenesis
studies have highlighted the importance of Pdx
Trp106 for the complex formation [11]. In our crystal
structure, the indole ring of Trp106 is located in a
hydrophobic pocket formed by carbon atoms from
Arg106, Arg112, Ala113 and Asn116 of P450cam.
Ala113 appears to be the prominent interaction
residue. It allows the bulky side chain of Trp106 to be
inserted in the binding interface. Tyr33 of Pdx is
another key residue being responsible for the
complex formation. Notably, NMR studies demon-
strated that both Tyr33 and Trp106 are highly mobile
when Pdx is free in solution [38]. The dynamic nature
of these residues has also been observed in X-ray
crystallography and fluorescence measurements
[15,41]. Presumably, when Pdx binds to P450cam,
they play a role as recognition motifs and facilitate
binding that is optimal for ET.
The shortest distance between the [2Fe–2S]
cluster and heme iron in the ensemble of solution
structures is 15.7 ± 0.4 Å and 16.3 Å in the crystal
structure. To establish which amino acids contribute
most to enhancing the ET between the iron-sulfur
cluster and the heme, we used the program
HARLEM [42]. The results from HARLEM suggest
two coupling pathways (Fig. 3c) involving the Fe1 of
the [2Fe–2S] cluster and ligand Cys39 of Pdx andthen either via P450cam Leu356 and Cys357 to the
heme Fe or via Pdx Asp38 and P450cam Arg112
and the heme propionate to the conjugated heme
ring. The latter route is in-line with suggestions in
previous studies [20,22,39]. The rate of ET to
oxidized P450cam has been reported to be 41 ±
1 s−1 at 20 °C [22]. With the given distance, the
maximum, activationless rate is estimated by HAR-
LEM to be much larger, on the order of 105 s−1. This
implies that the measured rate can only represent
true ET if the reorganization energy is large
(N1.3 eV), suggesting that the transfer could be
gated. It remains unclear what conformational
change could represent the gate.
It is interesting to compare the structures of the
Pdx–P450cam complex with that of Pdx bound to its
other partner, PdR (PDB entry 3LB8 [43]). The total
buried surface area for the PdR–Pdx complex is
1520 Å2, larger than that of the Pdx–P450cam
complex (1157 Å2). It has been suggested that
PdR–Pdx complex formation is driven by one central
PdR Arg310–Pdx Asp38 salt bridge and extensive
hydrophobic interactions. An important ET coupling
pathway between the FAD group in PdR and the
[2Fe–2S] cluster in Pdx has been predicted [43] to
involve a contact between PdR Trp330 and Pdx
Cys39, analogous to the Pdx Cys39–P450cam
Leu356 contact in the Pdx–P450cam complex.
Together, these results suggest that Pdx shuttles
electrons from PdR to P450cam using the same
electron entry and exit patch and with very similar
interaction modes.
While this manuscript was under review, Tripathi
et al. published the crystal structure of the Pdx–
P450cam complex that was obtained via cross-
linking of the two proteins [44]. It is interesting to
compare our complex with those reported in that
study. Tripathi et al. found a position and orientation
of Pdx relative to P450cam that is essentially
identical with ours. Table 4 lists the interface
characteristics of the different structures. The larger
variation in the data for the NMR ensemble probably
represents the uncertainty in the side-chain posi-
tions due to the absence of side-chain restraints.
The orientation of some residues in the interface
differs between the crystal structures. In particular,
P450cam residues Arg109, Asn116 and Leu358 are
oriented differently (Fig. 4). In their structure of the
reduced complex 2 (PDB entry 4JX1), Arg109 and
Asn116 are hydrogen bonded to Pdx Gln105 and
Trp106, respectively, which is not the case in our
structure. Arg109 is pointing in another direction,
and something similar is seen in the other two
structures reported by Tripathi et al. (PDB entries
4JWS and 4JWU); thus, the exact role of those
residues in stabilizing the interaction with Pdx via
Trp106 needs to be established. It may differ for the
oxidized and reduced states of the complex. This is
important because, as indicated by Tripathi et al.,
Table 4. Interface properties
Buried
surface
area (Å)
Gap
volume
indexa
Fraction
nonpolar
atoms
NMR ensemble
(PDB entry 2M56)b
1107 ± 101 6.6 ± 0.9 0.37 ± 0.05
Crystal structure
(PDB entry 3W9C)b
1266 5.1 0.33
Crystal structure
(PDB entry 4JX1)c
1323 ± 15 5.4 ± 0.3 0.30 ± 0.03
Determined with 2P2Idb [45].
a Defined as the ratio of the gap volume and the buried surface
area, the gap volume index represents a measure of the surface
complementarity.
b This work.
c Average of four models in the asymmetric unit [44].
4360 The Cytochrome P450cam–Putidaredoxin Complexthe Arg109 is located in the C helix, which could act
as a relay between the Pdx binding site and the
opening of P450cam via the B′ and F and G helices.
Tripathi et al. also found that P450cam is present in
a state that resembles the open state of P450cam,
similar to our crystal structure. It is not clear whether
the open state found in the crystal structures is a
consequence of crystal packing. In both cases,
contacts of the F or G helices with neighboring
molecules in the crystal are observed, which could
imply that only the open state of the complex is able
to crystallize. We have fitted our NMR data with the
open and closed states of P450cam, leading to the
same position and orientation of Pdx relative to
P450cam, and the quality of the fit was similar (see
Q values in Table 1). Further NMR experiments that
are able to distinguish between the open and closed
states of P450cam in the complex are required toFig. 4. Overlay of the crystal structures of the
P450cam-Pdx complexes determined in this work (pink
and orange; PDB entry 3W9C) and by Tripathi et al. (gray;
PDB entry 4JX1) [44].establish whether Pdx binding causes the opening
of P450cam also in solution.
In conclusion, this work has shown that paramag-
netic NMR spectroscopy is able to produce accurate
structures of protein complexes in solution. In this case,
the backbone structure of the free protein was used
and treated as a rigid body. Allowing for backbone
rearrangement upon binding is possible in principle
with a more extensive dataset. Paramagnetic effects
on side chains could also be added to determine
details of the interface. The advantage of the approach
is that the paramagnetic effects in the complex can be
determined rapidly, using only sensitive two-dimen-
sional experiments, such as heteronuclear single
quantumcoherence (HSQC) and transverse relaxation
optimized spectroscopy (TROSY) spectra. This allows
application to dilute samples, which is especially
relevant for complexes of large proteins.
Experimental Procedures
Chemicals
CLaNP-7 was synthesized and chelated to Lu3+, Gd3+
and Tm3+ ions as reported previously [30]. The plasmids
harboring the cDNA of Pdx and P450cam were generous
gift from Prof. Stephen G. Sligar, University of Illinois at
Urbana–Champaign, USA [46]. The genes were sub-
cloned into the pET28a expression vectors using NcoI and
XhoI restriction enzymes, without the use of the His tag
sequence. Column material was obtained from GE
Healthcare, Munich, Germany.
Mutagenesis
Site-directed mutagenesis was performed using Quik-
Change protocol (Stratagene, La Jolla, CA).
Protein production
15N,2H-enriched Pdx was produced and purified as
previously described [8] with an additional purification
step. The resuspended cells [20 mM KPi (pH 8.0), 50 mM
KCl, 1 mM DNase and 1 mM PMSF] were disrupted by
French press. Following centrifugation at 35,000 r.p.m. for
30 min at 4 °C, we loaded the sample on a HiTrap DEAE
Sepharose FF anion-exchange column. The protein was
eluted with a linear gradient of 0.1–0.4 M KCl in 20 mMKPi
(pH 8.0), and the brown fractions were collected. Ammo-
nium sulfate crystals were added (30% w/v), and the
solution was stirred for 20 min at 4 °C. Subsequently, the
sample was centrifuged for 20 min to remove precipitation
and the supernatant was applied to a HiTrap Phenyl FF
hydrophobic column. The brown fractions containing Pdx
were collected after elution with a linear gradient 30–0%
ammonium sulfate in 20 mM KPi (pH 8.0). Finally, the
pooled fractions were briefly buffer exchanged and
concentrated by ultrafiltration using a Centricon (Millipore)
and injected into a Sephadex G75 size-exclusion column
pre-equilibrated with 50 mM Tris–HCl (pH 7.4), 100 mM
4361The Cytochrome P450cam–Putidaredoxin ComplexKCl and 1 mM camphor. The fractions with A325nm/A280nm
larger than 0.68 were pooled and concentrated. The
concentration of Pdx was determined with ε412nm =
11.0 mM−1 cm−1 [47]. Approximately 12 mg of Pdx was
obtained from 1 L of culture. Isotopically enriched P450cam
variants were produced and purified as previously described
for the WT protein [48]. In addition to the established
purification protocol, a HiTrap Phenyl FF hydrophobic
column was used at the end of purification procedure to
obtain a A391nm/A280nm value greater than 1.40. Approxi-
mately, 50 mg of P450camwas obtained from 1 L of culture.
Ln3+-CLaNP-7 labeling
Purified double-cysteine P450cam and Pdx samples
were incubated with 5 mM DTT in 20 mM KPi (pH 7.4),
150 mM KCl and 1 mM camphor, for 1 h on ice. DTT was
removed by using a PD-10 column. The protein solution
was mixed with 7 molar equivalents of Ln3+-CLaNP-7 and
incubated overnight at 4 °C. Unlabeled protein, protein
oligomers and surplus of Ln3+-CLaNP-7 were removed by
three chromatography steps, on a HiTrap Q HP anion-
exchange column, a HiTrap Phenyl FF hydrophobic
column and a Superose 12 size-exclusion column.
To verify the attachment of lanthanide-containing
CLaNP-7 (Ln3+-CLaNP-7) on proteins, we investigated
the intramolecular paramagnetic effects on P450cam and
Pdx. The 15N-labeled P450cam and Pdx mutants were
linked to Lu3+-CLaNP-7, Yb3+-CLaNP-7 and Tm3+-
CLaNP-7 and 1H–15N TROSY and 1H–15N HSQC spectra
were acquired. Small fractions of residual diamagnetic
peaks were observed in paramagnetic samples of
P450cam. The efficiency of Tm3+-CLaNP-7 labeling was
estimated by comparing the intensities of diamagnetic
residual peaks with PCS shifted peaks, and it was found
that approximately 90% of P450cam samples were labeled
with Tm3+-CLaNP-7. No residual peaks were observed in
paramagnetic samples of Pdx, indicating complete label-
ing of the Pdx sample.
By fitting the PCS to the crystal structure of P450cam
(PDB entry 1DZ4) and Pdx (PDB entry 1XLP), we
established the size of Δχ tensor and orientation for Yb3+/
Tm3+-CLaNP-7. The calculated Δχ tensor values of each
mutant are listed in Table S1.
NMR samples and experiments
NMR samples contained 50–100 μM [2H,15N]Pdx (WT) or
[2H,15N]P450cam (C334A) with 3 molar equivalents of
Ln3+-CLaNP-7-labeled P450cam or Pdx mutants, respec-
tively, in 50 mM Tris–HCl (pH 7.4), 100 mM KCl, 1 mM
camphor and 6%D2O. Two-dimensional
15N–1HHSQC and
15N–1H TROSY spectra [49] were recorded at 290 K on a
Bruker Avance III 600-MHz spectrometer equipped with a
TCI-Z-GRAD cryoprobe. NMR data were processed in
NMRPipe [50] and analyzed in CCPNMR [51].
NMR assignment
The assignments for oxidized Pdx amide resonances
were based on previous work [31]. Sequential assignments
of 1-phenyl-imidazole-bound oxidized P450cam and cyani-de + camphor-bound oxidized P450cam were obtained
using triple-resonance spectra (results to be published
elsewhere). These spectrawere recorded onBrukerAvance
spectrometers operating at 800 and950 MHzproton Larmor
frequencies. Spectrometers were equipped with four RF
channels and cryogenic 1H[13C/15N] triple-resonance
probes. However, the two sequentially assigned forms of
oxidized P450cam differ with respect to spin state of the
heme iron from the camphor-bound P450cam, which is
studied here, and also their structures are different [52,53].
Therefore, only a limited number of assignments could be
transferred reliably to camphor-bound oxidized P450cam. A
previously published partial assignment of oxidized
P450cam was used to extend the assignment [32], and
finally, the PCS of Yb3+-tagged and Tm3+-tagged P450cam
were used to validate and extend the assignments of the
15N–1H TROSY spectra of oxidized Ln3+-CLaNP-7-labeled
P450cam. In total, 175 backbone amide signals in the
TROSY spectra Lu3+-CLaNP-7-labeled oxidized P450cam
with camphor bound could be assigned. Of these assign-
ments, 64 have not been reported previously, and of the
remaining 111 assignments, only 3 (Glu329, Arg330 and
Thr411) are associated with chemical shifts that differ
substantially from those previously reported (by more than
0.1 ppm in the 1H dimension or 0.5 ppm in the 15N
dimension). A total of 132 assigned residues in camphor-
boundoxidizedP450camwerealso assigned sequentially in
the 1-phenyl-imidazole-bound form; however, 32 of these
show substantial chemical shift differences in the two forms
of P450cam. Similarly, 16 out of 135 assigned residues
show large chemical shift differences between the cyanide-
bound form and the cyanide-free form. Finally, eight
residues were assigned exclusively on the basis of their
PCS in the paramagnetic Ln3+ -tagged samples (residues
14, 153, 154, 156, 241, 254, 382 and 405). The spectra of
the paramagnetic Ln3+-tagged samples were assigned
iteratively together with the fitting of the Δχ tensor [54].
Tm3+ gives rise to large PCS that can make it difficult to
assign the spectrum without an additional set PCS from a
different lanthanide. Therefore, also Yb3+-labeled P450cam
samples were used to provide PCS of an intermediate size.
In this work, the Yb3+-labeled protein samples were used
exclusively for assignment purpose.
Restraint analysis
Gd3+-induced intermolecular PRE (R2,para) were deter-
mined as described by Battiste and Wagner [55] and
converted to restraints as previously published [37]. The
ratios of the peak height, Ipara/Idia, of amide signals in the
presence of Gd3+-CLaNP-7-labeled binding partner (Ipara)
and the corresponding Lu3+-CLaNP-7-labeled protein (Idia)
were normalized by dividing them by the averaged values
of the 10 largest Ipara/Idia ratios (0.96, 1.09 and 0.94 for
P450cam mutant A, P450cam mutant B and Pdx mutant I
samples, respectively). PRE (R2,para) were converted into
distances using Eq. (1):
r¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
fbound flabeled
R2;para
g2g2β2μ20 Sþ1ð ÞS
2402
4cþ 3c1þω2h2c
 
6
s
ð1Þ
where r is the distance between Gd3+ ion and a given
amide proton; fbound is the fraction of the bound
15N protein
4362 The Cytochrome P450cam–Putidaredoxin Complex(fbound = 0.9); flabeled is the fraction of the CLaNP-7-labeled
protein (flabeled = 0.8–0.9); g is the gyromagnetic ratio of
proton; g is the electronic g factor; β is the Bohr magneton;
ωh is the Larmor frequency of protons; μ0 is the vacuum
permeability; S is spin quantum number for Gd3+ (S = 7/2);
sc is the rotational correlational time of Gd
3+-proton vector.
sc was estimated to be 30 ns using HYDRONMR [56] for
the Pdx–P450cam complex. The intermolecular distances
were calculated according to Eq. (1) and divided into three
classes of restraints: (i) residues with resonance peaks that
completely broaden out in the paramagnetic spectrum (for
these residues, only an upper limit of the distance was
calculated), (ii) residues with resonances visible in the
paramagnetic spectrum and with R2,para ≥ 3.0 s−1 (error
margins were set to ±3 Å to accommodate for experimen-
tal errors) and (iii) residues with R2,para b 3.0 s
−1 (these
residues were considered to be too remote from the Gd3+
ion to cause a significant PRE and therefore only the lower
limit was calculated and found to be 44 Å for mutant A).
The quality of fit between observed (Oobs) and back-
predicted (Osim) observables (PRE, PCS and RDC) was
expressed in a Q value, Eq. (2). Note that the sum of
observable and back-predicted values is used in the
denominator because this makes the Q insensitive to the
phenomenon that small Oobs with large Osim give larger Q
values than the other way around, unlike the standard Q
with only Oobs in the denominator.
Q ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃX
i
Oobs ið Þ−Osim ið Þ 2
X
i
Oobs ið Þ þ Osim ið Þ  2
vuuuuut ð2Þ
Isothermal titration calorimetry
Calorimetric measurements were performed on a
VP-ITC (MicroCal). The sample cell contained 50 μM
CLaNP-7-labeled P450cam mutants and the injection
syringe contained 1 mM WT Pdx in 50 mM Tris–HCl
(pH 7.4), 100 mM KCl and 1 mM camphor. Titration
experiments were carried out at 290 K with 30 injections
of 10 μL with 350 s between each injection. The sample
was mixed at 351 r.p.m.
Interface calculation
The buried surface areas were calculated using NAC-
CESS [57] and ASA.PY [58], with similar results. For the
PdR–Pdx complex (PDB entry 3LB8), the interface area
found by us is much larger than the small area reported
[43], for reasons that are unclear.Cocrystallization, data collection and processing
After extensive screening, the following aerobic proce-
dure resulted in crystals of the complex. We diluted
250 μM P450cam mutant A (K126C/R130C/C334A) and
500 μM Pdx C73S in 20 mM potassium phosphate,
pH 7.0, containing 1 mM D-camphor, 2 mM DL-dithiothrei-
tol and 1% (v/v) methanol. Both protein samples were then
concentrated to the original volume to ensure the same
concentration in a 3000-MWCO (molecular weight cutoff)Amicon Ultra at 4 °C, 8500g. Drops were prepared by
mixing 1 μL of P450cam and 1 μL of Pdx with 1 μL of a
reservoir solution containing 100 mM Hepes–NaOH
(pH 7.5), 100 mM NaCl and 1.6 M ammonium sulfate.
Diffraction data were collected at the Osaka University
beamline BL44XU at SPring-8 (Hyogo, Japan) equipped
with an MX225-HE detector (Rayonix), which is financially
supported by Academia Sinica and National Synchrotron
Radiation Research Center (Taiwan, Republic of China).
Image data were processed and scaled with the HKL
package [59]. Crystals of the P450cam–Pdx complex belong
to the space groupC2 with the following cell parameters: a =
101.7 Å, b = 78.0 Å, c = 60.0 Å and β = 95.6°. The data set
was 99.6% complete overall to a resolution of 2.50 Å with an
Rmerge of 9.8%.
Structure determination and refinement
Initially, the structure of P450cam mutant A was deter-
mined through molecular replacement. The molecular
structure of P450cam determined at a resolution of 1.30 Å
(PDB entry 2ZWU) [60] was used as the search model after
omitting D-camphor, water, hydrogen atoms, alternative
conformers and the side chains of amino acid residues,
Lys126, Arg130 and Cys334, at the mutation sites.
MOLREP [61] gave a unique molecular replacement
solution, which was rigid body refined using CNS [62]. One
P450cam molecule was found in the asymmetric unit, and
the resulting initial model gave an Rfactor of 38% at a
resolution of 2.5 Å after rigid-body refinement and minimi-
zation. A Fo − Fc difference Fourier electron density map
calculated with the phase of the initial P450cammodel gave
strong signals, sufficient to confirm the presence of a Pdx
molecule at the contour level of 2.0σ (Fig. S3). Additionally,
some signals due to the slight positional shift were also
observed at several loop regions in the P450 molecule.
At the second stage, the structure of Pdx molecule was
also determined through molecular replacement using
MOLREP. The molecular structure of Pdx C73S (PDB
entry 1OQR) [29] was used as the search model. One Pdx
molecule was easily found close to the P450cam. After
rigid-body refinement and minimization, the initial complex
model gave an Rfactor of 32%. Several stages of model
building for loop regions and refinement were performed to
trace the entire P450cam and Pdx using Coot [63] and
REFMAC [64], themodel was then thoroughly examined for
possible errors using both maps at contour levels of 1.2σ
(2Fo − Fc) and ±3.5σ (Fo − Fc). The electron density for a
glycerol from the cryoprotective solution was also observed
near the heme group in the substrate-binding pocket of
P450cam. The structure was refined to obtain Rfactor and
Rfree of 0.19 and 0.25, respectively; RMSD values of bond
lengths and angles from the ideal values were 0.017 Å and
1.8°, respectively. The refined P450cam–Pdx complex
model was assessed using PROCHECK [65] and MOL-
PROBITY [66]. The average B-factors for all atoms of
P450cam and Pdx were 31.7 and 31.4 Å2, respectively.
Some amino acid residues of the model showed slightly
elevated B-factors and somewhat diffuse electron density.
In the final model, 11 residues (Met-Gly-Thr-Thr-Glu-Thr-I-
le-Gln-Ser-Asn-Ala) at the amino (N) terminus of P450cam,
4 residues (Ala92-Gly-Glu-Ala95) in the BC loop of
P450cam and 2 residues (Met-Gly) at the N terminus of
Pdx were undefined owing to disorder.
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structure factors of the crystal structure have been
deposited in the Protein Data Bank† (PDB IDs 2M56 and
3W9C, respectively).Acknowledgements
We thank the Osaka University beamline BL44XU
staff for kind support in the X-ray data collection
(proposal number 2012B6736 to M.N.). Financial
support was provided by the Netherlands Organisa-
tion for Scientific Research grants 700.10.407
(M.A.S.H.) and 700.58.441 (Y.H., W.M.L., S.P.S.
and M.U.). Crystallographic study was supported in
part by Grants-in-Aids for Encouragement of Young
Scientists 20750137 and 23750190 (to M.N.) from
the Ministry of Education, Culture, Sports, Science
and Technology of Japan. M.N. was the recipient of
a fellowship from the JSPS International Training
Program (Japan) to visit the laboratory of M.U.
Measurement time was supported by the project
Bio-NMR funded by the European Union, project
number 261863. H.S. is member of the DFG-funded
cluster of excellence: macromolecular complexes.Supplementary Data
Supplementary data to this article can be found
online at http://dx.doi.org/10.1016/j.jmb.2013.07.006
Received 26 April 2013;
Received in revised form 3 July 2013;
Accepted 8 July 2013
Available online 13 July 2013
Keywords:
putidaredoxin;
electron transfer;
protein complex;
lanthanide;
pseudocontact shift
†www.pdb.org
Abbreviations used:
CYP, cytochrome P450; P450cam, cytochrome P450cam;
Pdx, putidaredoxin; PdR, putidaredoxin reductase;CLaNP, caged lanthanide NMR probe; PCS,
pseudocontact shifts; PRE, paramagnetic relaxation
enhancement; RDC, residual dipolar coupling; HSQC,
heteronuclear single quantum coherence; TROSY,
transverse relaxation optimized spectroscopy; ET,
electron transfer; WT, wild type.
References
[1] Poulos TL. Structural biology of heme monooxygenases.
Biochem Biophys Res Commun 2005;338:337–45.
[2] Strushkevich N, MacKenzie F, Cherkesova T, Grabovec I,
Usanov S, Park HW. Structural basis for pregnenolone
biosynthesis by the mitochondrial monooxygenase system.
Proc Natl Acad Sci USA 2011;108:10139–43.
[3] Sevrioukova IF, Poulos TL. Structural biology of redox
partner interactions in P450cam monooxygenase: a fresh
look at an old system. Arch Biochem Biophys 2011;507:
66–74.
[4] Brewer CB, Peterson JA. Single turnover kinetics of the
reaction between oxycytochrome P-450cam and reduced
putidaredoxin. J Biol Chem 1988;263:791–8.
[5] Unno M, Shimada H, Toba Y, Makino R, Ishimura Y. Role of
Arg112 of cytochrome P450cam in the electron transfer from
reduced putidaredoxin: analyses with site-directedmutants. J
Biol Chem 1996;271:17869–74.
[6] Lipscomb JD, Sligar SG, Namtvedt MJ, Gunsalus IC.
Autooxidation and hydroxylation reactions of oxygenated
cytochrome P-450cam. J Biol Chem 1976;251:1116–24.
[7] Tosha T, Yoshioka S, Ishimori K, Morishima I. L358P
mutation on cytochrome P450cam simulates structural
changes upon putidaredoxin binding: the structural changes
trigger electron transfer to oxy-P450cam from electron
donors. J Biol Chem 2004;279:42836–43.
[8] Pochapsky SS, Pochapsky TC, Wei JW. A model for effector
activity in a highly specific biological electron transfer
complex: the cytochrome P450(cam)-putidaredoxin couple.
Biochemistry 2003;42:5649–56.
[9] Holden M, Mayhew M, Bunk D, Roitberg A, Vilker V. Probing
the interactions of putidaredoxin with redox partners in
camphor p450 5-monooxygenase by mutagenesis of surface
residues. J Biol Chem 1997;272:21720–5.
[10] Shimada H, Nagano S, Ariga Y, Unno M, Egawa T, Hishiki T,
et al. Putidaredoxin-cytochrome P450(cam) interaction: spin
state of the heme iron modulates putidaredoxin structure. J
Biol Chem 1999;274:9363–9.
[11] Sligar SG, Pg Debrunne, Lipscomb JD, Namtvedt MJ,
Gunsalus IC. A role of the putidaredoxin COOH-terminus in
P-450cam (cytochrome m) hydroxylations. Proc Natl Acad
Sci USA 1974;71:3906–10.
[12] Pochapsky TC, Ratnaswamy G, Patera A. Redox-dependent
1H NMR spectral features and tertiary structural constraints
on the C-terminal region of putidaredoxin. Biochemistry
1994;33:6433–41.
[13] Hintz MJ, Mock DM, Peterson LL, Tuttle K, Peterson JA.
Equilibrium and kinetic studies of the interaction of cyto-
chrome P-450cam and putidaredoxin. J Biol Chem 1982;257:
14324–32.
[14] Zhang W, Pochapsky SS, Pochapsky TC, Jain NU. Solution
NMR structure of putidaredoxin-cytochrome P450cam com-
plex via a combined residual dipolar coupling-spin labeling
approach suggests a role for Trp106 of putidaredoxin in
complex formation. J Mol Biol 2008;384:349–63.
4364 The Cytochrome P450cam–Putidaredoxin Complex[15] Sevrioukova IF. Redox-dependent structural reorganization
in putidaredoxin, a vertebrate-type [2Fe-2S] ferredoxin from
Pseudomonas putida. J Mol Biol 2005;347:607–21.
[16] Schlichting I, Berendzen J, Chu K, Stock AM, Maves SA,
Benson DE, et al. The catalytic pathway of cytochrome
p450cam at atomic resolution. Science 2000;287:1615–22.
[17] Lee YT, Glazer EC, Wilson RF, Stout CD, Goodin DB. Three
clusters of conformational states in p450cam reveal a
multistep pathway for closing of the substrate access
channel. Biochemistry 2011;50:693–703.
[18] Dunn AR, Dmochowski IJ, Bilwes AM, Gray HB, Crane BR.
Probing the open state of cytochrome P450cam with
ruthenium-linker substrates. Proc Natl Acad Sci USA
2001;98:12420–5.
[19] Lee YT, Wilson RF, Rupniewski I, Goodin DB. P450cam
visits an open conformation in the absence of substrate.
Biochemistry 2010;49:3412–9.
[20] Wallrapp F, Masone D, Guallar V. Electron transfer in the
P450cam/PDX complex: the QM/MM e-pathway. J Phys
Chem A 2008;112:12989–94.
[21] Freindorf M, Shao Y, Kong J, Furlani TR. Combined QM/MM
calculations of active-site vibrations in binding process of
P450cam to putidaredoxin. J InorgBiochem2008;102:427–32.
[22] Kuznetsov VY, Poulos TL, Sevrioukova IF. Putidaredoxin-
to-cytochrome P450cam electron transfer: differences be-
tween the two reductive steps required for catalysis.
Biochemistry 2006;45:11934–44.
[23] Keizers PH, Ubbink M. Paramagnetic tagging for protein
structure and dynamics analysis. Prog Nucl Magn Reson
Spectrosc 2011;58:88–96.
[24] Otting G. Protein NMR using paramagnetic ions. Annu Rev
Biophys 2010;39:387–405.
[25] Koehler J, Meiler J. Expanding the utility of NMR restraints
with paramagnetic compounds: background and practical
aspects. Prog Nucl Magn Reson Spectrosc 2011;59:360–89.
[26] Keizers PH, Desreux JF, Overhand M, Ubbink M. Increased
paramagnetic effect of a lanthanide protein probe by
two-point attachment. J Am Chem Soc 2007;129:9292–3.
[27] Keizers PH, Saragliadis A, Hiruma Y, Overhand M, Ubbink
M. Design, synthesis, and evaluation of a lanthanide
chelating protein probe: CLaNP-5 yields predictable para-
magnetic effects independent of environment. J Am Chem
Soc 2008;130:14802–12.
[28] Nickerson DP, Wong LL. The dimerization of Pseudomonas
putida cytochrome P450cam: practical consequences and
engineering of a monomeric enzyme. Protein Eng 1997;10:
1357–61.
[29] Sevrioukova IF, Garcia C, Li H, Bhaskar B, Poulos TL.
Crystal structure of putidaredoxin, the [2Fe-2S] component of
the P450cam monooxygenase system from Pseudomonas
putida. J Mol Biol 2003;333:377–92.
[30] Liu WM, Keizers PH, Hass MA, Blok A, Timmer M, Sarris AJ,
et al. A pH-sensitive, colorful, lanthanide-chelating paramag-
netic NMR probe. J Am Chem Soc 2012;134:17306–13.
[31] Lyons TA, Ratnaswamy G, Pochapsky TC. Redox-depen-
dent dynamics of putidaredoxin characterized by amide
proton exchange. Protein Sci 1996;5:627–39.
[32] OuYang B, Pochapsky SS, Dang M, Pochapsky TC. A
functional proline switch in cytochrome P450cam. Structure
2008;16:916–23.
[33] Kontaxis G, Clore GM, Bax A. Evaluation of cross-correlation
effects and measurement of one-bond couplings in proteins
with short transverse relaxation times. J Magn Reson 2000;
143:184–96.[34] Schwieters CD, Kuszewski JJ, Tjandra N, Clore GM. The
Xplor-NIH NMR molecular structure determination package.
J Magn Reson 2003;160:65–73.
[35] Banci L, Bertini I, Cavallaro G, Giachetti A, Luchinat C, Parigi
G. Paramagnetism-based restraints for Xplor-NIH. J Biomol
NMR 2004;28:249–61.
[36] Ubbink M. Dynamics in transient complexes of redox
proteins. Biochem Soc Trans 2012;40:415–8.
[37] Volkov AN, Worrall JA, Holtzmann E, Ubbink M. Solution
structure and dynamics of the complex between cytochrome c
and cytochrome c peroxidase determined by paramagnetic
NMR. Proc Natl Acad Sci USA 2006;103:18945–50.
[38] Sari N, Holden MJ, Mayhew MP, Vilker VL, Coxon B.
Comparison of backbone dynamics of oxidized and reduced
putidaredoxin by 15N NMR relaxation measurements. Bio-
chemistry 1999;38:9862–71.
[39] Koga H, Sagara Y, Yaoi T, Tsujimura M, Nakamura K,
Sekimizu K, et al. Essential role of the Arg112 residue of
cytochrome P450cam for electron transfer from reduced
putidaredoxin. FEBS Lett 1993;331:109–13.
[40] Scanu S, Forster J, Finiguerra MG, Shabestari MH, Huber M,
Ubbink M. The complex of cytochrome f and plastocyanin
fromNostoc sp. PCC 7119 is highly dynamic. ChemBioChem
2012;13:1312–8.
[41] Stayton PS, Sligar SG. Structural microheterogeneity of a
tryptophan residue required for efficient biological electron
transfer between putidaredoxin and cytochrome P-450cam.
Biochemistry 1991;30:1845–51.
[42] Kurnikov I. HARLEM, Version 1.0, Department of Chemistry.
Pittsburgh, PA: University of Pittsburgh; 2000.
[43] Sevrioukova IF, Poulos TL, Churbanova IY. Crystal structure
of the putidaredoxin reductase x putidaredoxin electron
transfer complex. J Biol Chem 2010;285:13616–20.
[44] Tripathi S, Li H, Poulos TL. Structural basis for effector
control and redox partner recognition in cytochrome P450.
Science 2013;340:1227–30.
[45] Basse MJ, Betzi S, Bourgeas R, Bouzidi S, Chetrit B, Hamon
V, et al. 2P2Idb: a structural database dedicated to
orthosteric modulation of protein–protein interactions.
Nucleic Acids Res 2013;41:D824–7.
[46] Unger BP, Gunsalus IC, Sligar SG. Nucleotide sequence of the
Pseudomonas putida cytochrome P-450cam gene and its
expression inEscherichia coli. J Biol Chem1986;261:1158–63.
[47] Gunsalus IC, Wagner GC. Bacterial P-450cam methylene
monooxygenase components: cytochromem, putidaredoxin,
and putidaredoxin reductase. Methods Enzymol 1978;52:
166–88.
[48] Rui L, Pochapsky SS, Pochapsky TC. Comparison of the
complexes formed by cytochrome P450camwith cytochrome
b5 and putidaredoxin, two effectors of camphor hydroxylase
activity. Biochemistry 2006;45:3887–97.
[49] Pervushin K, Riek R, Wider G, Wuthrich K. Attenuated T2
relaxation by mutual cancellation of dipole–dipole coupling
and chemical shift anisotropy indicates an avenue to NMR
structures of very large biological macromolecules in
solution. Proc Natl Acad Sci USA 1997;94:12366–71.
[50] Delaglio F, Grzesiek S, Vuister GW, Zhu G, Pfeifer J, Bax A.
NMRPipe: a multidimensional spectral processing system
based on UNIX pipes. J Biomol NMR 1995;6:277–93.
[51] Vranken WF, Boucher W, Stevens TJ, Fogh RH, Pajon A,
Llinas M, et al. The CCPN data model for NMR spectroscopy:
development of a software pipeline. Proteins 2005;59:687–96.
[52] Fedorov R, Ghosh DK, Schlichting I. Crystal structures of
cyanide complexes of P450cam and the oxygenase domain
4365The Cytochrome P450cam–Putidaredoxin Complexof inducible nitric oxide synthase—structural models of the
short-lived oxygen complexes. Arch Biochem Biophys
2003;409:25–31.
[53] Poulos TL, Howard AJ. Crystal structures of metyrapone-
and phenylimidazole-inhibited complexes of cytochrome
P-450cam. Biochemistry 1987;26:8165–74.
[54] Schmitz C, John M, Park AY, Dixon NE, Otting G, Pintacuda
G, et al. Efficient chi-tensor determination and NH assign-
ment of paramagnetic proteins. J Biomol NMR 2006;35:
79–87.
[55] Battiste JL, Wagner G. Utilization of site-directed spin
labeling and high-resolution heteronuclear nuclear magnetic
resonance for global fold determination of large proteins with
limited nuclear overhauser effect data. Biochemistry
2000;39:5355–65.
[56] Garcia de la Torre J, Huertas ML, Carrasco B. HYDRONMR:
prediction of NMR relaxation of globular proteins from
atomic-level structures and hydrodynamic calculations. J
Magn Reson 2000;147:138–46.
[57] Hubbard SJ, Thornton JM. NACCESS, Computer Program,
Department of Biochemistry and Molecular Biology. London,
UK: University College London; 1993.
[58] Ho BK (2007). ASA.PY: Accessible Surface Area, Department
of Biochemistry and Biophysics (University of California,
San Francisco, CA).[59] Otwinowski Z, Minor W. Processing of X-ray diffraction data
collected in oscillation mode. Methods Enzymol 1997;276:
307–26.
[60] Sakurai K, Shimada H, Hayashi T, Tsukihara T. Substrate
binding induces structural changes in cytochrome P450cam.
Acta Crystallogr Sect F Struct Biol Cryst Commun 2009;65:
80–3.
[61] Vagin A, Teplyakov A. MOLREP: an automated program for
molecular replacement. J Appl Crystallogr 1997;30:1022–5.
[62] Brunger AT, Adams PD, Clore GM, DeLano WL, Gros P,
Grosse-KunstleveRW,et al. Crystallography&NMRsystem: a
newsoftware suite formacromolecular structure determination.
Acta Crystallogr Sect D Biol Crystallogr 1998;54:905–21.
[63] Emsley P, Lohkamp B, Scott WG, Cowtan K. Features and
development of Coot. Acta Crystallogr Sect D Biol Crystallogr
2010;66:486–501.
[64] Murshudov GN, Vagin AA, Dodson EJ. Refinement of
macromolecular structures by the maximum-likelihood meth-
od. Acta Crystallogr Sect D Biol Crystallogr 1997;53:240–55.
[65] Laskowski RA, Macarthur MW, Moss DS, Thornton JM.
PROCHECK: a program to check the stereochemical quality
of protein structures. J Appl Crystallogr 1993;26:283–91.
[66] Lovell SC, Davis IW, AdrendallWB, deBakker PIW,Word JM,
Prisant MG, et al. Structure validation by C alpha geometry:
phi, psi and C beta deviation. Proteins 2003;50:437–50.
